ologia 
periment 




DOI: 10.1111/eea.l2187 



Habituation in Frankliniella occidentalis to deterrent 
plant compounds and their blends 

Barbara Egger 1 *, Bernhard Spangl 2 & Elisabeth Helene Koschier 1 

'Division of Crop Protection, Department of Crop Sciences, University of Natural Resources and Life Sciences (BOKU), 
Peter-Jordan-Strafie 82, 1190 Vienna, Austria, and 2 Institute of Applied Statistics and Computing (IASC), Department of 
Landscape, Spatial and Infrastructure Sciences, University of Natural Resources and Life Sciences (BOKU), Peter-Jordan- 
Strafie 82, 1 190 Vienna, Austria 

Accepted: 10 March 2014 

Key words: Western flower thrips, secondary plant compound, feeding deterrence, methyl 
jasmonate, czs-jasmone, allylanisole, Thysanoptera, Thripidae 



Abstract Feeding and oviposition deterrence of three secondary plant compounds and their 1 : 1 blends to adult 

female Frankliniella occidentalis Pergande (Thysanoptera: Thripidae) and the potential for habitua- 
tion of the thrips to the pure compounds and the 1:1 blends at various concentrations were investi- 
gated. In choice assays, we tested dose-dependent feeding and oviposition deterrence of the two fatty 
acid derivatives methyl jasmonate and cw-jasmone, the phenylpropanoid allylanisole, and their 
blends when directly applied to bean leaf discs. The concentration required to reduce the feeding 
damage by 50% relative to the control treatment (FDC 50 ) was lowest for cis-jasmone and highest for 
allylanisole. The feeding deterrent effect of both jasmonates was increased when blended with allylan- 
isole. Feeding deterrence and oviposition deterrence were strongly correlated. In no-choice assays 
conducted over four consecutive days, we discovered that dilutions at low concentrations (FDQ 5 ) 
applied to bean leaves resulted in habituation to the deterrents, whereas no habituation occurred at 
higher concentrations (FDC 50 ). We observed a tendency that the 1:1 blends reduce the probability 
that thrips habituate to the deterrent compounds. Our results may be useful in the development of 
integrated crop protection strategies with the implementation of allelochemicals as pest behaviour- 
modifying agents. 



Introduction 

Western flower thrips, Frankliniella occidentalis Pergande 
(Thysanoptera: Thripidae), is one of the most harmful 
pests on many horticultural and agricultural crops world- 
wide (Kirk & Terry, 2003). Adults and immature stages 
both feed on plant tissue by penetrating plant cells and 
sucking out the cell sap (Childers, 1997). In addition to the 
direct feeding damage, plants are damaged indirectly 
because F. occidentalis is a potent vector of plant virus dis- 
eases (Wijkamp et al., 1995). Management of F. occiden- 
talis is problematic due to their minute size and their 
thigmotactic behaviour (Lewis, 1997). Control strategies 
relying on repeated application of chemical insecticides 
have resulted in widespread development of resistance in 
F. occidentalis (e.g., Jensen, 2000). Among possible 
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approaches to thrips control, the integration of secondary 
plant compounds that disrupt host acceptance behaviours 
with other control measures into behavioural manipula- 
tion strategies is broadly considered to have great potential 
(Cowles, 2004; Cooket al., 2007). 

Plants produce a wide range of secondary compounds 
that may act as allelochemicals, mediating interactions 
between insects and plants. Some volatile secondary 
metabolites act as insect behaviour-modifying agents or 
are toxic to various insect species (Renwick, 1999; Kim & 
Ahn, 2001). Allylanisole or estragole, a volatile phenyl- 
propanoid (Knudsen et al., 1993), is a compound found 
in the essential oil of Pimpinella anisum L. and Ocimum 
basilicum L. (Hasegawa et al, 1997; Santos et al., 1998). 
The essential oil of Foeniculum vulgare Mill, also contains 
allylanisole and was deterrent to some beetle species (Co- 
simi et al, 2009). cis- Jasmone and methyl jasmonate, two 
volatile fatty acid derivatives (Knudsen et al, 1993), are 
constituents of various essential oils, for instance from Jas- 
minum, Lonicera, and Philadelphus species (Joulain, 1986; 
Mookherjee et al, 1990). Being stress-related secondary 
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plant compounds, both jasmonates are known to play a 
role in plant defence against herbivores as well (Birkett 
et al., 2000; Howe & Jander, 2008). Jasmonates were found 
to be repellent to various aphid species (Birkett et al., 
2000; Bruce et al., 2003). Previous findings indicate that 
F. occidentalis respond negatively to jasmonates: females 
avoided settling and feeding on methyl jasmonate-treated 
chrysanthemum plants (Bruhin, 2009), significantly fewer 
thrips were found on jasmonic acid-sprayed plants (Thaler 
et al., 2001), and jasmonate-baited traps did not attract 
F. occidentalis (James, 2005) . 

Habituation is the waning of a response as a result of 
repeated presentation of a stimulus (Chapman & Bernays, 
1989; Schoonhoven et al., 2005). This type of experience- 
based response has been found to occur in phytophagous 
insects for feeding deterrents and may reduce the effect of 
behavioural pest control strategies relying on behavioural 
manipulation of the pest (Jermy et al., 1982; Jermy, 1987; 
Glendinning & Gonzalez, 1995; Akhtar & Isman, 2003, 
2004). Generally, the potential for habituation may be 
greater in polyphagous species such as F. occidentalis, pre- 
sumably because they have evolved mechanisms for deal- 
ing with plant defensive compounds (Bernays & 
Chapman, 1994; Bernays et al., 2000). Whether - and to 
what extent - habituation to plant compounds can 
develop may also depend on the compound concentration 
and mixture. Habituation to feeding deterrents applied to 
plants occurs most readily when a single pure compound 
provides a weak inhibitory stimulus (Szentesi & Bernays, 
1984; Held et al, 2001), whereas complex mixtures of an- 
tifeedants can prevent a decrease in feeding deterrent 
responses (Jermy, 1987; Bomford & Isman, 1996; Renwick 
& Huang, 1996). Strategies such as the mixture of several 
deterrents have been shown to have potential for mitigat- 
ing the decrease in feeding deterrent responses to antifee- 
dants by insects (Akhtar & Isman, 2003). 

Here, we study habituation effects of deterrents in a cell 
sap-feeding insect species with piercing-sucking mouth- 
parts. This study investigates the little-researched responses 
of adult insects to feeding and oviposition deterrents (Held 
et al, 2001; Akhtar & Isman, 2004; Liu et al, 2005; Wang 
et al., 2008). Specifically, we investigate possible deterrent 
effects of three pure essential oil compounds and their bin- 
ary (1:1) mixtures, applied directly to bean leaf discs, on 
adult female F. occidentalis and the potential for habitua- 
tion of the thrips to the pure and mixed compounds. 

Materials and methods 

Insects and plants 

A greenhouse-collected strain of F. occidentalis was reared 
on detached bean leaves [Phaseolus vulgaris L. cv. Borlotto 



(Fabaceae); Austrosaat, Vienna, Austria] on 1% (wt/vol) 
water agar (Agar; Sigma- Aldrich, Vienna, Austria) in plas- 
tic Petri dishes (14 cm diameter) in a climate chamber at 
24 ± 1 °C, 35 ± 5% r.h., and L16:D8 photoperiod. 
About 50 adult females were allowed to lay eggs on bean 
leaves in the Petri dishes. The dishes were closed with lids 
with central holes covered with a fine mesh to ensure ven- 
tilation. After 48 h, the thrips were removed and the leaves 
with eggs were kept in Petri dishes in the climate chamber 
until adults emerged. Adults were used to maintain rearing 
or for the bioassays. 

To obtain groups of even-aged thrips females, thrips 
pupae were collected from the rearing and transferred to 
fresh bean leaves on 1% water agar in separate Petri dishes. 
Females were used in all bioassays 48 h after adult emer- 
gence, i.e., at the end of their pre-oviposition period (van 
Rijn et al., 1995). 

Bean plants used for rearing as well as for testing were 
grown in a plant growing room at 25 ± 1 °C, at 50 ± 5% 
r.h., and L16:D8 photoperiod in groups of 13-15 plants 
per pot. Leaf discs used for the bioassays were punched 
with a cork borer (1.1 cm diameter) from cotyledons of 
bean plants 1 1-13 days after sowing. 

Pure compounds and their blends 

The pure compounds cis-jasmone and methyl jasmonate 
were purchased from Sigma-Aldrich, and allylanisole from 
Merck (Darmstadt, Germany). All pure compounds were 
blended at a ratio of 1:1 (wt/wt), i.e., each compound 
represents half of the total dose tested. Pure compounds as 
well as their three blends were diluted in pure ethanol 
(Merck) at a ratio of 1:10 by volume. Subsequently, the 
respective amount of distilled water plus Triton X-100 
(0.05%; Sigma-Aldrich) as surfactant was added to obtain 
a range of concentrations (0.1-2%). The control solution 
consisted of ethanol and distilled water with the surfactant 
at a ratio of 1:10. 

General bioassay procedure 

Bean leaf discs were put in a glass Petri dish (9 cm diame- 
ter) and sprayed with the respective dilution using a Potter 
Precision Laboratory Spray Tower (Burkard Manufactur- 
ing, Rickmansworth, UK) at constant air pressure result- 
ing in an exact wet deposit of 1 ul cm~ 2 dilution quantity 
on the upper surface of each leaf disc. Before releasing the 
test insects, the treated leaf discs were allowed to dry for ca. 
10 min and subsequently placed on a 1% water agar layer 
in glass Petri dishes (6 cm diameter) to prevent the thrips 
from feeding on the lower leaf surfaces. The units were 
closed with a plastic sealing film (Carl Roth, Karlsruhe, 
Germany) which was perforated subsequently by means of 
insect pins (ca. 10 punctures cm~ 2 ) to ensure ventilation. 
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Feeding and oviposition deterrence index 

In a choice assay adapted from Bomford & Isman (1996), 
a bean leaf disc treated with the control dilution and a leaf 
disc treated with a compound or blend dilution were 
placed at a distance of ca. 4 cm to each other on a thin 1% 
water agar layer in a glass Petri dish (6 cm diameter) to 
prevent the thrips from feeding on the lower leaf surfaces. 
A single F. occidentalis female of known age was released 
in the centre of the Petri dish. The dish was sealed with 
perforated plastic sealing film as described above and kept 
in a climate chamber at 24 ± 1 °C, 35 ± 5% r.h., and 
L16:D8 photoperiod. After 24 h, the female was removed, 
the area of feeding damage on each leaf disc was measured 
using a transparent counting grid (0.25 x 0.25 mm; 
Boraident, Halle, Germany) and a stereo microscope 
(Stemi 2000; Zeiss, Vienna, Austria). Subsequently, the 
eggs on each leaf disc were counted using a transmitted 
light microscope. This procedure was repeated with 4-6 
concentrations (0.1, 0.25, 0.5, 0.75, 1, and 2%) of each 
compound or blend dilution for calculating a feeding or 
oviposition deterrence index (FDI or ODI), using the for- 
mulae FDI = 100 [(FC - FT)/(FC + FT)], where FC and 
FT are the control and treated leaf areas damaged by the 
F. occidentalis females (Isman et al, 1990), and 
ODI = 100 [(OC - OT)/(OC + OT)], where OC and 
OT are the numbers of eggs laid on the control and treated 
leaf discs, respectively. 

The bioassay was replicated with 25-35 thrips females 
per concentration of each compound or blend dilution. 
FDCi 5 , FDC 50 , or FDC95 (that is, the concentration 
required to reduce feeding damage on the treated leaf disc 
by 15, 50, or 95% relative to the control leaf disc) was cal- 
culated via linear regression (Seffrin et al, 2010) . 

Repeated short-term exposure 

In a no-choice assay adapted from Bomford & Isman 
(1996), F. occidentalis females were tested for habituation 
to the pure compounds and their 1:1 blends compared to 
the control dilution applied to bean leaf discs. The pure 
compounds were tested at their FDC15 and FDC 50 , and cis- 
jasmone was tested additionally at the FDC 95 (see Table 1 
for concentrations) . The blends were tested at their FDC 50 . 

At 15:00 hours of the 1st day of the bioassay, a F. occi- 
dentalis female of known age was placed singly on an 
untreated leaf disc on water agar in a glass Petri dish as 
described above and stored in a climate chamber at 
24 ± 1 °C, 35 ± 5% r.h., and L16:D8 photoperiod. At 
09:00 hours on the following day, the adult female was 
transferred to a leaf disc treated either with the compound 
or blend dilution or the control dilution in a glass Petri 
dish as described above and put back into the climate 
chamber. Six hours later the female was again transferred 



Table 1 Concentrations (%) of pure compounds and their 1:1 
blends required to produce 50% feeding (FDC 50 ) or oviposition 
(ODC 50 ) deterrence in Franklinietta occidentalis on bean. Calcula- 
tions by means of linear regression are based on 4-5 concentra- 
tions (n = 25-35 thrips females each) per compound/blend 





Feeding 




Oviposition 




deterrence 


deterrence 


Pure compound/blend 


FDC 50 


r 2 


ODC 50 r 2 


ris-Jasmone 


0.66 


0.86 


0.67 0.83 


Methyl jasmonate 


0.77 


0.99 


0.60 0.97 


Allylanisole 


0.94 


0.97 


0.96 0.99 


Methyl jasmonate/ ris-jasmone 


0.66 


0.68 


0.71 0.63 


Methyl jasmonate/ allylanisole 


0.31 


0.88 


0.29 0.96 


cis- Jasmone/ allylanisole 


0.51 


0.89 


0.58 0.98 



to a fresh untreated leaf disc and allowed to feed for 18 h. 
This procedure was repeated so that each female was 
exposed to the same treatment for 6 h on each of four con- 
secutive days. Immediately after each transfer of the thrips, 
the feeding damage was measured and the eggs were 
counted on the leaf discs as described above. The bioassay 
was replicated with 23-34 F. occidentalis females for each 
compound or blend dilution at the respective FDC. 

Statistical analysis 

The correlation between feeding deterrence and oviposi- 
tion deterrence was determined by calculating Pearson's 
correlation coefficient for the data obtained in the feeding/ 
oviposition deterrence choice assay. Data obtained in the 
assays with repeated short-term exposures of thrips to 
pure compounds or their blends, i.e., the mean area dam- 
aged by thrips feeding and the mean number of eggs laid 
on the leaf discs, were analysed using repeated measures 
ANOVA, separating the means on the consecutive treat- 
ment days by Bonferroni post-hoc tests. Degrees of free- 
dom were corrected using Greenhouse-Geisser estimates if 
the assumption of sphericity was violated (Mauchly's test 
for sphericity). Mean feeding damage/oviposition rates of 
the test compound treatments were compared to the con- 
trol treatment using a one-way ANOVA combined with a 
Bonferroni or a Games-Howell post-hoc test for pairwise 
comparisons of means. AH statistical analyses were per- 
formed using the statistical package PASW 18.0.0 (IBM- 
SPSS, Armonk, NY, USA). 

Results 

Feeding and oviposition deterrence 

Generally, in all bioassays the feeding deterrence of pure 
compounds as well as their 1:1 blends was significantly 
correlated with the respective oviposition deterrence to 
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F. occidentalis on bean leaves (Pearson correlation: 
r = 0.93, d.f. = 812, PO.01; Figure 1). The feeding and 
oviposition deterrent effect on F. occidentalis of the pure 
compounds methyl jasmonate, ris-jasmone, and allylani- 
sole as well as their 1:1 blends methyl jasmonate/ris-jas- 
mone, methyl jasmonate/allylanisole, and ris-jasmone/ 
allylanisole (Figure 1) applied to leaf discs was dose- 
dependent: increasing concentrations resulted in reduced 
feeding damage and reduced oviposition rate. The applica- 
tion of ris-jasmone at about 0.66% reduced the feeding 
damage by 50% on the treated leaf disc compared to the 
control disc, methyl jasmonate applied at about 0.77% was 
required to deter thrips feeding by 50%, and allylanisole at 
about 0.94% reduced feeding damage by 50% (Table 1). 
The 1:1 blends of allylanisole and methyl jasmonate or ris- 
jasmone deterred thrips from feeding at lower concentra- 
tions than the jasmonates applied as pure compounds: 
FDC 50 of the 1:1 blend methyl jasmonate/allylanisole was 
about 0.31%, FDC50 of ris-jasmone/ allylanisole was about 
0.51%. The 1:1 blend methyl jasmonate/ris-jasmone 
deterred feeding by 50% when applied at about 0.66%. 
The concentration required to deter oviposition by 50% 
was about 0.67% for ris-jasmone, 0.60% for methyl jasmo- 
nate, and 0.96% for allylanisole. The 1:1 blend of methyl 
jasmonate/ris-jasmone reduced oviposition by 50% at 
about 0.71%, methyl jasmonate/allylanisole at about 
0.29%, and ris-jasmone/ allylanisole at about 0.58%. 

Repeated short-term exposure 

Effects within exposure days. The application of ris- 
jasmone at the FDC 15 (0.29%) reduced feeding damage 
caused by F. occidentalis females during the 6-h exposure 
period on day 2, but on days 1, 3, and 4 no significant 



reduction in the feeding damage compared to the control 
treatment was found (Figure 2). ris-jasmone at the FDC 50 
(0.66%) deterred F. occidentalis from feeding on days 1-3. 
On day 4, no significant reduction in the feeding damage 
on treated leaf discs was found, ris-jasmone at the FDC95 
(1.15%) deterred the thrips within all exposure days 
compared to the control treatment. 

Methyl jasmonate or allylanisole applied at the respec- 
tive FDC 15 (0.08 or 0.17%) to bean leaf discs reduced feed- 
ing damage during the 6-h exposure period on day 2, but 
not on days 1,3, and 4 compared to the control treatment. 
Methyl jasmonate at the FDC 50 (0.77%) deterred F. occi- 
dentalis females on days 2 and 4. No significant reduction 
in the feeding damage on treated leaf discs compared to 
the control discs was found on days 1 and 3. Allylanisole at 
the FDC50 (0.94%) deterred F. occidentalis females on day 
2, on the other days, no significant reduction in the feeding 
damage on treated leaf discs compared to the control discs 
was found during 6 h of exposure. 

Applications of the 1:1 blends of methyl jasmonate/ris- 
jasmone or methyl jasmonate/allylanisole at the respective 
FDC50 (0.66 or 0.31%) reduced the feeding damage of 
F. occidentalis females during the 6-h exposure period sig- 
nificantly compared to the control treatment on day 2, but 
on days 1,3, and 4 no significant reduction in the feeding 
damage on treated leaf discs was found (Figure 3). The 1:1 
blend ris-jasmone/allylanisole applied at FDC 50 (0.51%) 
reduced the feeding damage significantly on days 2, 3, and 
4, but not on day 1 in within-day comparisons to the con- 
trol treatment. 

Effects between exposure days. Generally, the feeding 
activity of F. occidentalis resulting in damaged areas on 




Compound concentration (%) Compound concentration (%) 

Figure 1 Mean (A) feeding deterrence and (B) oviposition deterrence of increasing concentrations of the pure compounds ris-jasmone 
(ris-j), methyl jasmonate (m-j), and allylanisole (all-ani), and the 1:1 blends ris-jasmone/methyl jasmonate, ris-jasmone/allylanisole, and 
methyl jasmonate/allylanisole to Frankliniella occidentalis females on bean leaf discs in choice assays (n = 25-30 thrips females per 
compound and concentration tested). 
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Figure 2 Mean (+ SEM) feeding damage caused by Frankliniella occidentalis during a 6-h exposure period on four consecutive days on 
treated bean leaf discs in a no-choice assay. Bean leaves were treated with ethanol + water (control), cis-jasmone (cis-j) at 0.29% (FDC 15 ), 
0.66% (FDC50), or 1.15% (FDC 95 ), methyl jasmonate (m-j) at 0.08% (FDC 15 ) or 0.77% (FDC 50 ), or allylanisole (all-ani) at 0.17% (FDCi 5 ) 
or 0.94% (FDC 50 ) (n = 24-34 thrips females per dilution tested). Means within a day capped with different letters are significantly 
different (one-way ANOVA, followed by Bonferroni pairwise comparisons: P<0.05). 



control bean leaf discs varied significantly during the 6-h 
exposure period among the four consecutive days 
(ANOVA for repeated measures: F V2 = 3.64, P = 0.017; 
Figure 2). Bonferroni post-hoc pairwise comparisons 
between days revealed that thrips feeding on the control 
discs significantly increased on day 2 compared to day 1, 
but on days 3 and 4 feeding did not differ statistically from 
days 1 and 2. 

Between-day comparisons revealed that the feeding 
activity of thrips on leaf discs treated with cis-jasmone at 
the FDC15 increased significantly from day 1 to day 2, and 
on day 3 compared to days 1 and 2. On day 4 feeding dif- 
fered statistically from day 1, but not from days 2 and 3 
(F 3j75 = 13.74, P = 0.001). On leaf discs treated with cis- 
jasmone at the FDC50, feeding damage increased signifi- 
cantly from day 1 to day 2, but there was no difference 
between areas of feeding damage on days 2-4 
(F3.84 = 10.71, PO.001). Feeding damage on discs treated 
with cis-jasmone at the FDC 95 did not significantly 
increase on four consecutive days (F 3j69 = 2.80, 
P = 0.051). 

The deterrent effect of methyl jasmonate in between- 
day comparisons at the lower concentration (FDC 15 ) 
gradually decreased: the amount of feeding damage was 
significantly lower on day 1 compared to the following 
3 days (F 3>75 = 15.01, P>0.001). On leaf discs treated with 
methyl jasmonate at the FDC 50 , feeding damage increased 
significantly from day 1 to day 3, but on day 4 feeding 
damage decreased significantly compared to days 2 and 3 
(F 3>72 = 13.66, PO.001). 




Figure 3 Mean(+ SEM) feeding damage caused by Frankliniella 
occidentalis during a 6-h exposure period on four consecutive 
days on treated bean leaf discs in a no-choice assay. Bean leaves 
were treated either with ethanol + water (control), the binary 
mixtures methyl jasmonate/ris-jasmone (m-j/ cis-j) at 0.66% 
(FDC50), a's-jasmone/allylanisole (ds-j/all-ani) at 0.51% 
(FDC 50 ), or methyl jasmonate/ allylanisole (m-j/all-ani) at 0.31% 
(FDC50) (n = 24-34 thrips females per dilution tested). Means 
within a day capped with different letters are significantly 
different (one-way ANOVA, followed by Bonferroni pairwise 
comparisons: P<0.05). 



Between-day comparisons showed that the feeding 
activity of thrips on leaf discs treated with allylanisole at 
the FDC15 increased significantly going from day 1 to day 
3. The feeding damage on day 4 was not significantly 
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different from that on day 3 (F 3j66 = 13.82, PO.001). On 
leaf discs treated with allylanisole at FDC 50 , feeding dam- 
age did not increase. On day 3, the damage increased sig- 
nificantly compared to day 2, the damaged area on day 4 
did not differ from that on days 1-3 (F 2 .oi,5o.34 = 3.90, 
P = 0.026). 

Between-day comparisons of methyl jasmonate/cz's-jas- 
mone-treated leaf discs revealed a significantly increased 
feeding activity on days 3 and 4 (F 3 66 = 7.56, P<0.001; 
Figure 3). Comparing the feeding activity of thrips on leaf 
discs treated with methyl jasmonate/allylanisole at the 
FDC 50 on the four consecutive exposure days revealed that 
the feeding damage increased significantly on day 2 com- 
pared to day 1, and on day 3 compared to days 1 and 2. On 
day 4, the feeding damage did not increase compared to 
day 3 (F 3>75 = 10.64, PO.001). Bonferroni post-hoc tests 
resulted in no significant differences in the feeding damage 
on leaf discs treated with the 1:1 blend cz's-jasmone/allylan- 
isole at FDC 50 (0.51%) over 4 days in between-day com- 
parisons, although the ANOVA for repeated measures 
indicated a significant treatment effect (F 3>6 6 = 2.96, 
P = 0.039). 

Discussion 

Based on the FDC 50 values, cz's-jasmone deterred thrips 
feeding by 50% at the lowest concentration, followed by 
methyl jasmonate and allylanisole. The latter was chosen 
for the bioassays because it belongs to a different chemical 
class than the jasmonates tested and because of the repel- 
lent properties of fennel essential oil and allylanisole 
against various beetle species (Knudsen et al., 1993; Hayes 
et al., 1994; Cosimi et al., 2009). It was identified as a 
thrips deterrent compound for the first time. 

As a pure compound, allylanisole displayed a relatively 
high FDC50 (0.94%) compared to the FDC 50 of the pure 
jasmonates, whereas in blends the FDC 50 were compara- 
tively low: methyl jasmonate/allylanisole (0.31%) and 
cz's-jasmone/ allylanisole (0.51%). The blend of the two 
jasmonates did not show a noticeable increase in deterrent 
effect compared to the pure compounds. Blending of a 
jasmonate — belonging to the class of fatty acid derivatives 
— and allylanisole — a phenylpropanoid (Knudsen et al., 
1993) — apparently increased deterrence efficiency. Binary 
and complex mixtures were reported to be more effective 
compared to single compounds as deterrents to other 
insect species, e.g., Locusta migratoria L., Sitophilus grana- 
rius L., or Spodoptera litura Fabricius (Adams & Bernays, 
1978; Castellanos & Espinosa-Garcia, 1997; Hummelbrun- 
ner & Isman, 2001). 

The no-choice assay for habituation on four consecutive 
days showed an increased feeding damage on days 2 and 3 



in the control treatment, which dropped on day 4. A possi- 
ble explanation could be the natural reproductive cycle of 
F. occidentalis females: the oviposition rate peaks 3 days 
after adult emergence, thus causing the necessity of 
enhanced food uptake (van Rijn et al., 1995). Feeding and 
oviposition deterrence were strongly correlated in all bio- 
assays, independently from the treatment. This matches 
the decreasing reproductive fitness as a result of minor 
food quality as shown in a study with F. occidentalis by 
Trichilo&Leigh(1988). 

We assessed the potential of F. occidentalis to habituate 
to secondary plant compounds in repeated exposure bio- 
assays using the deterrent cz's-jasmone at various concen- 
trations as a model compound. Weak stimuli induced 
habituation, whereas strong stimuli did not, supporting 
the results of previous studies of Jermy et al. (1982) and 
Szentesi & Bernays ( 1984): the lowest concentration of cz's- 
jasmone (FDC 15 = 0.29%) was deterrent only during the 
first half of the 4-day testing period, the intermediate 
concentration (FDC 50 = 0.66%) deterred the thrips 
over a longer period and the highest concentration 
(FDC95 = 1.15%) did not decrease the deterrent efficiency 
over all 4 days tested. Methyl jasmonate and allylanisole 
applied as pure compounds at low (FDC 15 ) and interme- 
diate (FDC50) concentrations supported the thesis that 
habituation is dose-dependent in thrips. 

We observed a tendency that thrips needed a longer 
exposure to habituate to the 1:1 blends at the respective 
FDC50 of the compounds. However, this was not always 
the case: the two jasmonates applied as single compounds 
at the respective FDC 50 deterred thrips feeding more effec- 
tively compared to allylanisole, whereas the 1:1 blend of 
the jasmonates was deterrent to the thrips only on day 2. 
The same applies to the blend methyl jasmonate/allylani- 
sole; the blend cz's-jasmone/allylanisole exhibited a deter- 
rent effect on 3 of 4 days. Considering that the quantity of 
either jasmonate is reduced in their binary mixture, we 
suppose that this reduced quantity of either deterrent 
enhances the probability for habituation in thrips. Habitu- 
ation might occur in bioassays with the two jasmonates in 
mixture because the two compounds are chemically clo- 
sely related. In contrast, the blend cz's-jasmone/allylanisole 
inhibited habituation, although the blend concentration 
was even lower (0.51%). The prolonged deterrent effect of 
this blend may be due to the increased complexity of the 
blend and the presence of cz's-jasmone, the most effective 
pure deterrent compound tested. However, further 
research using more and other mixtures is required to bet- 
ter understand the mode of action of the compounds. 
Methyl jasmonate, however, may be too weak a deterrent 
stimulus at the low concentration in the binary mixture 
with allylanisole to maintain the deterrent effect over the 
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4-day testing period. Our results correspond to previous 
studies about the correlation between mixture complexity 
and habituation potential in insects (Jermy, 1987; Bom- 
ford &Isman, 1996). 

This study is the first to investigate the habituation 
potential of a generalist, cell sap-feeding insect with pierc- 
ing-sucking mouthparts to secondary plant compounds. 
The compounds tested remained deterrent over several 
days when applied at their respective FDC 50 . Application 
at lower concentrations (FDC 15 ) resulted in habituation of 
the thrips to the pure compounds. The amount of a pure 
compound used to deter F. occidentalis may be reduced by 
blending deterrent agents, thus enhancing the chemical 
complexity and preventing habituation to the compounds. 
It should be noted that a direct application of jasmonates 
to crop plants also might induce defence mechanisms in 
the plant (Farmer & Ryan, 1990; Browse & Howe, 2008). 
These effects might be considered in further studies. Fur- 
ther experiments should evaluate the long-term habitua- 
tion potential of thrips before our results may be used in 
the development of integrated crop protection strategies 
with the implementation of allelochemicals as pest behav- 
iour-modifying agents. 
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